Aggressive cancer phenotypes are a manifestation of many different genetic alterations that promote rapid proliferation and metastasis. In this study, we show that stable overexpression of Twist in a breast cancer cell line, MCF-7, altered its morphology to a fibroblastic-like phenotype, which exhibited protein markers representative of a mesenchymal transformation. In addition, it was observed that MCF-7/Twist cells had increased vascular endothelial growth factor (VEGF) synthesis when compared with empty vector control cells. The functional changes induced by VEGF in vivo were analyzed by functional magnetic resonance imaging (MRI) of MCF-7/Twistxenografted tumors. MRI showed that MCF-7/Twist tumors exhibited higher vascular volume and vascular permeability in vivo than the MCF-7/vector control xenografts. Moreover, elevated expression of Twist in breast tumor samples obtained from patients correlated strongly with high-grade invasive carcinomas and with chromosome instability, particularly gains of chromosomes 1 and 7. Taken together, these results show that Twist overexpression in breast cancer cells can induce angiogenesis, correlates with chromosomal instability, and promotes an epithelial-mesenchymal-like transition that is pivotal for the transformation into an aggressive breast cancer phenotype. (Cancer Res 2005; 65(23): 10801-9) 
Introduction
It is estimated that >80% of solid tumors are of epithelial origin (1) . Such tumors become life threatening once subpopulations of their cellular mass acquire the capability to survive as independent, disorganized, and highly mobile entities that are capable of migrating through the extracellular matrix. They subsequently invade and establish neoplasms within proximal as well as distal tissues (2) (3) (4) . The cellular transformations that modulate these capabilities seem analogous to some of the cellular changes that are required for normal embryonic development (5, 6) . One such necessary developmental trait is the epithelial-mesenchymal transition (EMT). This process, which begins very early in development of the amniote embryo, produces mesenchymal cells from an epithelial sheet of cells. The resulting cells lose their basal/ apical polarity and phenotype, become elongated, are mobile, and are capable of migrating through the extracellular matrix (7, 8) .
The basic helix-loop-helix transcription factor Twist is a major regulator of mesenchymal phenotypes. It is found in mesodermal tissues in humans (9) , and in a mouse model system, it has been shown to be required for neural tube closure and is a repressor of myotome differentiation outside of the somites (9) . It has been shown that loss of appropriate levels of expression or mutations of normal human Twist result in developmental defects (10) (11) (12) (13) . Such evidence indicates that Twist expression, a component of mesodermal programming, is necessary for normal vertebrate development. However, it has recently been shown that inappropriate expression of Twist may be oncogenic. Overexpression of Twist in rhabdomyosarcomas inhibited apoptosis and interfered with p53 tumor suppression (14) . In addition, increased expression of Twist in four tumor cell lines (nasopharyngeal, bladder, ovarian, and prostate) was found to be associated with resistance to taxol as well as other drugs that similarly disrupt microtubules (15) . Moreover, overexpression of Twist has been shown to be a regulator of an epithelial-mesenchymal-like transition (EMLT) in diffuse-type gastric carcinoma (16) and in a mouse mammary tumor cell line (17) . Furthermore, MCF-7 cells overexpressing Twist exhibited a deregulated p53 response to g-radiation, including cell cycle progression and down-regulation of downstream target genes like p21
Waf1/Cip1 and MDM-2 (18) .
We have developed a human breast cancer cell line (MCF-7) that stably overexpresses human Twist (MCF-7/Twist). In this article, we show that overexpression of Twist produced a transformation of the MCF-7 cell line that exhibited many of the traits representative of an EMLT. In addition, we also report that Twist was able to up-regulate vascular endothelial growth factor (VEGF) synthesis and induce in vivo angiogenesis, characterized by increased vascular volume and vascular permeability as measured by in vivo functional magnetic resonance imaging (MRI). Finally, overexpression of Twist correlates with cytogenetic alterations both in breast tumor samples and in the breast cancer cell line MCF-7/Twist.
Materials and Methods
Immunohistochemistry. Three-micrometer-thick sections were cut from tissue array blocks for immunohistochemistry. Sections were probed with rabbit polyclonal anti-Twist antibody (in house). After rehydration, endogenous peroxidase activity was blocked for 30 minutes in a methanol solution containing 0.3% hydrogen peroxide. After antigen retrieval in citrate buffer, a cooling off period of 30 minutes preceded the incubation (overnight at 4jC) with the primary antibody (1:100 in PBS/1% bovine serum albumin). The primary antibody was detected using a biotinylated goat anti-rabbit antibody (Vector Laboratories, Burlingame, CA). The signal was amplified by avidin-biotin complex formation and developed with diaminobenzidine followed by counterstaining with hematoxylin, dehydrated in alcohol and xylene, and mounted. The percentage of nuclei staining and staining intensity in each core was estimated.
Generation of stable MCF-7 clones expressing Twist. MCF-7 breast cancer cells (5 Â 10 5 ) were transfected using LT-1 reagent (Mirrus, Madison, WI) with either 1 Ag of control vector pCruz-MycB (Santa Cruz Biotechnology, Santa Cruz, CA) or pCruz-MycB-Twist. The day after transfection (f12 hours), each plate was split into three 100-mm plates with medium containing 400 Ag/mL of G418 (Calbiochem, San Diego, CA). Following transfection, selection was continued for 2 weeks (400 Ag/mL of G418), and large healthy colonies were expanded individually into cell lines MCF-7/cont (vector control) and MCF-7/Twist (expressing Twist). The individual cell lines were then verified for Twist expression by immunoblot analyses.
Protein extraction and immunoblot analysis. Total protein from MCF-7/cont and MCF-7/Twist cell lines were extracted using 1Â cracking buffer [100 mmol/L Tris (pH 6.7), 2 % SDS, 12 % glycerol] and 1:200 dilution of protease inhibitor (Sigma, St. Louis, MO) and subjected to SDS-PAGE and immunoblot analyses done using antibodies to vimentin (Pharmingen, San Diego, CA), E-cadherin (Transduction Laboratories, Lexington, KY), snail (Santa Cruz Biotechnology), twist (custom made), claudin-7 and claudin-4 (gift of Dr. Scott Kominsky, Johns Hopkins University), and actin (Sigma).
Morphology of MCF-7/Twist cells on Matrigel. Matrigel (300 AL; BD Biosciences, San Jose, CA) was pipetted into each well of a 24-well plate and incubated at 37jC to solidify the Matrigel. Cells (1 Â 10 5 ) in 1 mL of complete medium were then added on top of the solidified Matrigel. The plate was then incubated at 37jC. The medium was replaced as required. Following incubation for 4 days, photographs were taken using a Carl Zeiss inverted microscope fitted with a Nikon Digital Camera. Small interfering RNA (siRNA) knockdown experiments were done as described (18) .
Cloning of the claudin-7 promoter reporter construct and reporter assay. The primers 5V -TCCAGTTAGGAGCCTTGATG-3V (sense) and 5V -TTCCGCCCTCAGAAAACACT-3V (antisense) were used to amplify a 1,150-bp human claudin-7 promoter (Cl-7 Pr) from WBC genomic DNA. The claudin-7 promoter DNA sequence was verified by sequencing and subsequently cloned into the pGL2-basic vector (Promega, Madison, WI). To fine map the E-box binding sites in the promoter construct, we made four deletion constructs (i.e., Cl-7 Pr D1 to D4).
MCF-7 cells were transiently transfected with increasing amounts of either pCR3.1 empty vector control (Invitrogen, Carlsbad, CA) or pCR3.1-Twist construct (1 Ag) along with claudin-7 promoter luciferase construct vector (0.5 Ag) and a Renilla luciferase vector (2.5 ng). Transfected cells were assayed using a Dual Luciferase kit (Promega). MCF-7/Twist cells were transfected with claudin-7 promoter luciferase construct (0.5 Ag) and Renilla luciferase (2.5 ng) and assayed for luminescence in a luminometer (Berthold Detection Systems, Oak Ridge, TN).
MCF-7/Twist xenografts in the mammary fat pad of severe combined immunodeficient mice. All animals were maintained and animal experiments done under NIH and institutional guidelines established for the Animal Core Facility at Johns Hopkins University. MCF-7/cont and MCF-7/Twist cells were used to establish tumors in severe combined immunodeficient (SCID) mice. Briefly, 1 Â 10 6 cells were washed twice in Hanks buffer and injected into a thoracic mammary fat pad in a total volume of 50 AL. Following growth incubation, the tumors (average size, f600-800 mm 3 ) were analyzed for vascular permeability and vascular flow volume using MRI. Tumor volume was calculated as volume = a Â b 2 /2, where a is the largest diameter and b is the smallest diameter.
Estimation of vascular endothelial growth factor protein by ELISA. The amount of VEGF protein in the extracellular medium as well as from tumor extracts was determined using the protocol provided by the ELISA kit manufacturer (R&D Systems, Minneapolis, MN). Following adsorption of the antibody (goat anti-human VEGF), the plate was washed and incubated with a fixed amount of total protein from the medium or the tumor extract. Subsequently, the plate was incubated with biotinylated anti-goat antibody, washed, and further incubated with streptavidin-horseradish peroxidase. Finally, the chromogen tetramethylbenzidine was added, and the absorbance at 520 nm was determined using a microplate reader.
Immunofluorescence. MCF-7/cont and MCF-7/Twist cells (2 Â 10 4 ) were plated onto poly-D-lysine-treated four-well chamber glass slides (VWR, West Chester, PA). Following growth, the cells were fixed and blocked with PBS containing 10% normal goat serum and 0.1% Triton 100-X. Following blocking, the cells were washed and primary antibodies for E-cadherin (1:100, FITC-conjugated mouse anti-E-cadherin, Transduction Laboratories) and for h-catenin (1:100, TRITC-conjugated mouse anti-h-catenin, Transduction Laboratories) were added and incubated for 1 hour at room temperature. Cells were then washed and mounted with aqueous mounting medium (DAKO, Carpinteria, CA), dried, and examined using a Nikon TS-100 fluorescence microscope.
In vivo functional magnetic resonance imaging. MRI studies were done with xenografted tumors (n = 5) derived from MCF-7/Twist and MCF-7/cont cells when tumor volumes were z200 mm 3 on a Bruker Biospec 4.7T (Ettlingen, Germany) instrument using a custom-built RF volume coil placed around the animal. Tail veins were catheterized for administration of the macromolecular contrast agent albumin-gadolinium diethylenetriamine pentaacetic acid. Multislice relaxation rate (T 1 À1 ) maps of the tumor were obtained by a saturation recovery snapshot FLASH imaging ( flip angle = 10 degrees and TE = 2 milliseconds; ref. 19) . Eight cross-sectional slices (1 mm) were acquired (128 Â 128 matrix, 32 mm field of view, eight scans) for three relaxation delays (100, 500, and 1,000 milliseconds) for each slice with an in-plane spatial resolution of 250 Â 250 Am
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. A multislice map of the completely relaxed magnetization (M 0 map) was also acquired once at the beginning of the magnetic resonance experiment, using a recovery delay of 7 seconds. Assuming negligible reflux of the contrast agent and fast exchange, macromolecular contrast agent uptake was modeled as a linear function of time for the magnetic resonance experiment. In this case, the slope of the concentration-time curve provides the permeability surface area product, P S (mL/g min), and the y-intercept the vascular volume, V V (mL/g). Voxel-by-voxel spatial maps of tumor V V and P S were reconstructed from the linear fit of acquired data.
Analysis of functional magnetic resonance imaging data. For every imaging slice from each animal, voxels exhibiting nonzero vascular volume and permeability surface area were pooled and normalized to the total number of voxels. The resulting data was binned appropriately and displayed as a separate histogram for each group of animals. For statistical analysis, median values of P S and V V were determined for each animal, and two-tailed t test analysis was used to compare the tumor xenografts of MCF-7/Twist and MCF-7/cont groups.
Comparative genomic hybridization. Comparative genomic hybridization (CGH) was done as previously described (20) . Briefly, 300 ng of tumor DNA were labeled by a standard nick-translation reaction with biotin-16-dUTP (Boehringer Mannheim, Indianapolis, IN). Reference DNA (300 ng) from a healthy female donor was labeled with digoxigenin-11-dUTP (Boehringer Mannheim). Labeled DNA fragments were purified from the remaining nucleotides by column chromatography (Qiagen, Valencia, CA). Repetitive sequences were blocked with 40 Ag of Cot 1 DNA. The Cytovision 3.1 (Applied Imaging, San Jose, CA) software package was applied for the digital image analysis and subsequent karyotyping.
Tissue array. A tissue array of 144 invasive breast cancer cases was generated with a specialized tissue array precision instrument (Beecher Instruments, Sun Prairie, WI), all characterized by CGH. Each carcinoma was represented by one core. The spot diameter was 0.6 mm, and the distance between spots was 1 mm. Sections of 3-Am thickness were cut for Twist immunohistochemistry.
Results
Twist expression is increased in primary breast carcinomas. Twist expression and its functions have been primarily studied in mesodermal lineages (9, (21) (22) (23) (24) . In contrast, its expression levels and functions within the epithelial environment have not been extensively studied. As a first step towards evaluating Twist protein expression and its functions in breast epithelium, we did immunohistochemistry on normal breast tissue samples, ductal carcinoma in situ samples, and on primary breast carcinoma samples (grade z2, Fig. 1A) . Results of the immunohistochemistry data are summarized (Fig. 1B) . The results show that high-grade breast tumors express Twist at elevated levels compared with normal breast tissues. These are in agreement with earlier findings, which showed that Twist mRNA expression is elevated in invasive breast carcinoma (17) . Both sets of data indicate a possible functional role for Twist in the pathogenesis of human breast cancer.
Altered morphology of Twist overexpressing MCF-7 breast cancer cells. In an effort to identify the effects of Twist overexpression, we generated MCF-7 cells that stably overexpress Twist. At the end of the clonal selection process, we observed that overexpression of Twist produced distinct phenotypic changes and that MCF-7/Twist cells were spindle shaped rather than cuboidal ( Fig. 2A) . Apical/basolateral polarization is a defining characteristic of normal functional epithelial cells (25) . Therefore, we sought to ascertain whether or not this newly acquired phenotype of MCF-7/ Twist cells was indicative of a cell type that suppresses the formation of the acinar structure and contact-dependent growth, both of which are distinct characteristics of cancer cells that exhibit increased aggressiveness. Upon confirming the expression of Twist in these transformants (Fig. 2C) , we analyzed the threedimensional growth properties of these cells using Matrigel assays. Although MCF-7/cont cells could not form ductal structures in Matrigel, they retained the ability to grow and spread in a contactdependent manner (Fig. 2B) . In contrast, it can be seen that MCF-7/Twist cells exhibited a growth pattern in Matrigel that resulted in compact spherical structures (Fig. 2B) , indicative of a loss of contact inhibition and similar to the growth pattern of the aggressive breast cancer cell line, MDA-MB-231 (26) . Thus, overexpression of Twist in MCF-7 cells gives rise to contactindependent growth in Matrigel with the subsequent formation of dense spheroid bodies. These findings, along with the spindleshaped morphology of MCF-7/Twist cells, are both indicative of an EMLT caused by Twist overexpression.
Detection of mesenchymal markers in MCF-7/Twist cells. The unique phenotype observed in MCF-7/Twist cells led us to probe for the presence or absence of molecular markers that would distinguish them from luminal epithelial cells. It has been reported that cancer cells, which undergo an apparent epithelial to mesenchymal transition, acquire an invasive phenotype (27) . EMT is necessary in early embryogenesis, and Twist is a modulator of the ontogeny of highly motile mesodermal cells (8, 28) . Invasive breast carcinomas have been associated with the acquisition of mesenchymal properties (29) . It has been reported that the loss of adherens junction proteins, such as E-cadherin, and the gain of the intermediate filament protein vimentin are some of the hallmarks of an EMLT (30) . MCF-7/Twist cells have lost E-cadherin expression while simultaneously up-regulating vimentin (Fig. 2C) . In addition, loss of other tight junctions proteins, such as claudin-7 and claudin-4, was also observed in MCF-7/Twist cells. The loss of E-cadherin and the gain of vimentin are two indicators that stable overexpression of Twist in MCF-7 cells induces an EMLT. To determine whether or not the observed changes in these protein expression patterns could be a result of Twist activity, we scored for the expression of Snail, a positive modulator of the EMT (31) and a downstream target of Twist (32) . Snail was up-regulated in MCF-7/ Twist cells providing evidence that Twist's function as a transcription factor was intact in these cells (Fig. 2C) .
To further prove that the observed MCF-7/Twist cell protein marker profile occurred as a result of transcriptional regulation by Twist, we did Affymetrix microarray analyses, with human HGU133 chips using RNA from MCF-7/cont and MCF-7/Twist cells as probes (Fig. 2D) . The increase or decrease of respective transcripts correlated with the protein expression pattern. This result is further evidence that Twist overexpression in MCF-7 cells is responsible for altering the levels of these molecular markers.
Motility and invasive capabilities of MCF-7/Twist cells. EMT has been shown to induce motility of cells, an essential component for proper gastrulation (5, 7) . Similar phenomenon with respect to motility is also essential for tumor cell invasion (6) . To understand this phenotypic trait of EMT, we analyzed the motility and invasive capabilities of MCF-7/Twist cells. In the absence of any mitogenic agent, we observed that 16% of MCF-7/Twist cells were motile compared with 1% of MCF-7/cont cells (Fig. 3A) . These results were enhanced in the presence of 10% serum (mitogenic agent), where the percentage of motile MCF-7/Twist cells increased to 45% compared with 14% for MCF-7/cont cells (Fig. 3A) . These results indicate that the overexpression of Twist leads to the acquisition of EMLT properties, which results in increasing cell motility. Sections of normal epithelium show little or no staining, whereas breast tissue samples from ductal carcinoma in situ and invasive ductal carcinoma present a dark staining pattern. B, summary of results from immunohistochemistry on tissue sections from normal breast, ductal carcinomas in situ , and invasive ductal carcinomas obtained using Twist-specific antibody. Staining intensities were categorized as low (+), medium (++), or high (+++) assessed on 80% of the cell population. Abbreviation: NG, no grade.
As tumor invasion requires both motility and invasive capabilities, we examined the invasive potential of MCF-7/Twist cells using Matrigel to simulate the extracellular matrix. As depicted, MCF-7/ Twist cells were extremely invasive compared with MCF-7/cont cells (Fig. 3B) . More than 45% of the MCF-7/Twist cells were invasive compared with only 1% of MCF-7/cont cells. In addition, the use of siRNA specific for Twist (Fig. 3C ) significantly reduced the mobility and invasive capability of MCF-7/Twist cells ( Fig. 3A and B) . As tumor invasion is necessary for metastasis to occur, it is possible that the Twist overexpression seen in high-grade breast carcinoma samples is essential for the dissemination of tumor cells.
Transcriptional regulation of the claudin-7 gene by twist. As Twist down-regulates claudin-7, we wanted to determine if this down-regulation in MCF-7/Twist cells was a direct consequence of Twist overexpression. Our initial characterization of the claudin-7 promoter sequence enabled us to identify a number of potential E-box sequences that may bind Twist (Fig. 4A) . Using a claudin-7 promoter-reporter construct we showed that in MCF-7 cells, Twist in a dose-dependent manner could repress the reporter activity by f2-fold (Fig. 4B) . To map which E-box sites in the claudin-7 promoter were functionally active following binding by Twist, we made deletion constructs (Fig. 4A ) and used them in dual-luciferase reporter assays. As seen in Fig. 4C , we found all the four claudin-7 promoter constructs to be down-regulated by Twist by 1.56-fold (P = 0.0005), 1.61-fold (P = 0.0063), 1.62-fold (not significant), 1.53-fold (P = 0.03), and 1.35-fold (P = 0.0014), respectively (mean = 1.54-fold). However, we found that the Cl-7 Pr D4 construct showed significantly higher activity (P = 0.0001) compared with the whole promoter, indicating that this deletion also removed an unidentified repressor binding sequence(s) or unmasked an inducer sequence(s). Moreover, in MCF-7/Twist cells, the claudin-7 promoter-reporter activity was reduced by a greater degree (f6-fold) when compared with the transient transfection experiments in MCF-7 cells (Fig. 4D) . These results indicate that Twist either directly or indirectly causes the transcriptional repression of claudin-7. (Fig. 5A) . It took an additional 5 to 6 weeks for MCF-7/cont cells to reach an average tumor volume of 500 to 600 mm 3 . These results indicate that Twist overexpression to some extent is able to promote tumorigenesis within our model system.
The rapid growth of MCF-7/Twist xenografts is similar to that of MDA-MB-231, a highly invasive breast cancer cell line (26) . H&E staining of the tumor sections clearly show that there is little or no necrosis in MCF-7/Twist xenografts compared with MCF-7/cont xenografts, which exhibited large areas of necrosis (Fig. 5B) . This result of increased vasculature of MCF-7/Twist tumors is consistent with reports that indicate that well-vascularized tumor regions exhibit little or no necrosis (33) .
Vascular volume within the tumor is associated with angiogenic factors secreted by the tumor cells (34) . In addition, it has been shown that increased VEGF expression increases microvessel density and is associated with tumor malignancy (35, 36) . Therefore, we assayed the levels of VEGF in both MCF-7/Twist and MCF-7/ cont xenografts and in mammary epithelial cell lines using ELISA (Fig. 5C and D) . Compared with MCF-7/cont cells, MCF-7/Twist cells had f10-fold more soluble VEGF. The amount of VEGF synthesized from MCF-7/Twist cells was more than that produced by MDA-MB-231 (Fig. 5C) . Moreover, in tumor xenografts, there was an f4-fold difference between the amounts of VEGF synthesized by MCF-7/Twist compared with MCF-7 (Fig. 5D ). This increase in VEGF synthesis could explain, in part, why MCF-7/Twist xenograft tumors showed little or no necrotic areas as well as their rapid growth characteristics.
Elevated vascular flow volume and vascular permeability in xenografts using MCF-7/Twist cells. We did noninvasive in vivo MRI to quantify tumor vascular volume (V V ) and the vascular permeability surface area product (P S ) in the MCF-7/Twist and MCF-7/cont xenograft models. Three-dimensional maps of the V V and P S for two typical tumors are shown in Fig. 6A . The body of the animals is outlined by gray shading in the images. The MCF-7/Twist tumor is characterized by a significantly elevated vascular volume (red) and vascular permeability (green) compared with the MCF-7/ cont tumor. Histograms for tumor V V and P S were obtained by pooling all tumor voxels for all MCF-7/Twist and MCF-7/cont tumors ( Fig. 6B and C) . A greater number of voxels exhibiting high vascular volume and high vascular permeability was detected in the MCF-7/Twist model. Statistical analysis of the data was done using a two-tailed unpaired t test for median values of V V and P S for each animal in both groups. The MCF-7/Twist group was found to have a significantly higher V V (P < 0.0001) and higher P S (P < 0.02) than the MCF-7/cont group.
Overexpression of Twist results in altered B-catenin levels and localization. What is the mechanism of increased VEGF synthesis in MCF-7/Twist cells? Given our earlier finding that E-cadherin was down-regulated in MCF-7/Twist cells, we explored the possibility that under these circumstances, h-catenin expression may not only be mislocalized but may also exhibit aberrant function. h-Catenin binds to the COOH termini of cadherins at the inner surface of the cytosolic membrane, where it contributes to the molecular linking processes between cell adhesion molecules and the actin cytoskeleton (37) . As expected, colocalization of h-catenin and E-cadherin in MCF-7/cont cells was prominent at the plasma membrane, whereas in MCF-7/Twist cells, these proteins were distributed within the cytoplasm and to a lesser extent within the nucleus (Fig. 6D) . In addition, the total amount of h-catenin and E-cadherin in MCF-7/Twist cells was lower than MCF-7/cont cells (data not shown). The significance of this finding is the redistribution of h-catenin to the nucleus, where it forms a functional transacting complex by associating with the TCF/LEF-1 transcription factor, enhances the trans-activation of a number of genes, including VEGF and the EMT marker vimentin (38, 39) .
Twist expression in breast tumors correlates with chromosome instability. Invasive breast tumor samples exhibit significant cytogenetic alterations (20, (40) (41) (42) (43) in addition to acquiring EMLT phenotypes. In this study, we asked the question whether Twist expression, by itself, could induce genetic alterations. The comparison of 144 breast tumor samples with CGH data indicates that tumors that expressed Twist also have at least 2-fold more genetic alterations than tumors without Twist expression (Table 1) . Our results indicate that invasive lobular as well as invasive ductal carcinomas show an up-regulation in Twist expression in 63% and 75% of the cases studied, respectively (n = 144). An earlier report using microarray data of a smaller sample size (n = 57) shows a much lower expression in invasive ductal carcinomas (17) .
Discussion
Tumor progression and invasion is a complex biological process that involves remodeling of stromal tissue by invading cells (3, 4) . This is similar to the formation of the mesoderm before gastrulation during embryogenesis (5-7). Our results indicate that some of the dormant developmental pathways are activated during invasion of tumor cells by the expression of the Twist gene. These results show that Twist expression is more pronounced in invasive breast carcinomas compared with the normal breast tissue, indicating its possible involvement in tumor progression. Overexpression of Twist in MCF-7 cells generated an EMLT as manifested by the acquisition of increased motility and invasion. As the EMT in embryogenesis is characterized by the rapid movement of cells, it is likely that molecular pathways associated with Twist activation are involved in tumor invasion. Affymetrix microarray analyses along with protein expression data of MCF-7/Twist cells showed the activation of Snail, a known repressor of E-cadherin (31) in conjunction with loss of E-cadherin expression. As loss of tight or adherens junctions proteins are essential for EMT (3, (5) (6) (7) , our results are consistent with the observed phenotype of MCF-7/Twist cells. E-cadherin, a transmembrane glycoprotein that mediates calcium-dependent intercellular adhesion, is involved in epithelial cell-to-cell adhesion and is an important regulator of morphogenesis (8) . Loss of E-cadherin expression has been associated with the acquisition of invasiveness in many advanced tumor types (8) . As E-cadherin is a marker of epithelial cells, loss of E-cadherin indicates the loss of the epithelial phenotype. There is evidence indicating that the germ line mutation of E-cadherin predisposes individuals to diffuse gastric and breast cancer (44) (45) (46) (47) (48) . In addition to loss of E-cadherin, other EMT markers, such as vimentin, were also induced in MCF-7/Twist cells. Vimentin, which is an intermediate filament protein, is specifically regulated during embryonic development and cellular differentiation of mesenchymal cells (39) . Altered vimentin expression is associated with the ability of tumor cells to invade adjacent tissues and migrate into the body (26, 39) . Evidence from some reports indicates that vimentin may establish a link between the extracellular matrix and the nucleus thus modulating cellular functions (39) . The loss of E-cadherin and the gain of vimentin indicate that overexpression of Twist in MCF-7 cells induces an EMLT thus facilitating increased motility and invasiveness. A question that arises is whether or not the procurement of EMLT is sufficient to augment tumorigenesis? Based on our results, MCF-7/Twist cells were able to establish a tumor within 3 to 4 weeks of orthotopic implantation in the mammary fat pad of SCID mice compared with 8 to 9 weeks for MCF-7/cont cells. This indicates that Twist expression, besides inducing an EMLT, can also promote tumor growth. Furthermore, the tumor architecture of the MCF-7/ Twist xenograft tumors exhibited little or no necrosis compared with MCF-7/cont xenografts of similar volume, indicating a welldeveloped vasculature, which should facilitate tumor growth.
Establishing a vascular system within the tumor environment requires angiogenic factors, such as VEGF (34) . The MCF-7/Twist xenografts had a 4-fold increase of VEGF when compared with MCF-7/cont xenografts. Similar results were also obtained in vitro using MCF-7/Twist cells. This could be due to the loss of E-cadherin and the mislocalization of h-catenin to the nucleus. Previous studies have shown that the catenin-cadherin complex is required to maintain the mammary gland architecture and influences polarity, cell fate, and motility of epithelial cells (49) . Perturbation of the h-catenin/E-cadherin complex can result in the nuclear localization of h-catenin, which is associated with increased vimentin and VEGF expression along with a potentially more invasive phenotype (50) . Overexpression of Twist in MCF-7 cells did increase vimentin expression. Taken together, the results from our group and others support the possibility that perturbed expression of h-catenin can induce vimentin, among other genes, which in turn induces an EMLT and the acquisition of increased motility and invasive potential.
To further understand the role of Twist in breast cancer tumorigenesis, we did functional MRI on MCF-7/Twist and MCF-7/ cont xenograft tumors. The data obtained for MCF-7/Twist xenografts indicate that not only do they synthesize more VEGF, but they also seem angiogenically more active. The MRI data shows elevated vascular permeability surface area and vascular volume in MCF-7/Twist-derived tumors compared with MCF-7/cont strongly supporting the observation that Twist overexpression in vivo results in elevated expression of functional VEGF. These MRI data are consistent with the role of VEGF as a potent angiogenic and permeability factor.
The development of a highly invasive breast cancer phenotype requires the coordination of many different molecular changes, which are a consequence of genomic alterations. We found an association between increased cytogenetic alterations and Twist overexpression in breast tumors. Chromosomes 1, 7, 15, and 17 were amplified in human breast tumors expressing Twist. Taken together with the in vivo MRI data, our results show that Twist overexpression induces an EMLT, promotes angiogenesis, and correlates with chromosome instability in breast cancer and could be considered as a possible therapeutic target for preventing invasion and metastasis. 
